Aims/hypothesis. Glucagon-like-peptide-1 (GLP-1) is strongly insulinotropic in patients with Type II (noninsulin-dependent) diabetes mellitus, whereas glucose-dependent insulinotropic polypeptide (GIP) is less effective. Our investigation evaluated "early" (protocol 1) -and "late phase" (protocol 2) insulin and C-peptide responses to GLP-1 and GIP stimulation in patients with Type II diabetes. Methods. Protocol 1: eight Type II diabetic patients and eight matched healthy subjects received i.v. bolus injections of GLP-1(2.5 nmol) or GIP(7.5 nmol) concomitant with an increase of plasma glucose to 15 mmol/l. Protocol 2: eight Type II diabetic patients underwent a hyperglycaemic clamp (15 mmol/l) with infusion (per kg body weight/min) of either: 1 pmol GLP-1 (7-36) amide (n=8), 4 pmol GIP (n=8), 16 pmol GIP (n=4) or no incretin hormone (n=5). For comparison, six matched healthy subjects were examined. Results. Protocol 1: Type II diabetic patients were characterised by a decreased "early phase" response to both stimuli, but their relative response to GIP versus GLP-1 stimulation was exactly the same as in healthy subjects [insulin (C-peptide): patients 59±9% (74±6%) and healthy subjects 62±5% (71±9%)]. Protocol 2, "Early phase" (0-20 min) insulin response to glucose was delayed and reduced in the patients, but enhanced slightly and similarly by GIP and GLP-1. GLP-1 augmented the "late phase" (20-120 min) insulin secretion to levels similar to those observed in healthy subjects. In contrast, the "late phase" responses to both doses of GIP were not different from those obtained with glucose alone. Accordingly, glucose infusion rates required to maintain the hyperglycaemic clamp in the "late phase" period (20-120 min) were similar with glucose alone and glucose plus GIP, whereas a doubling of the infusion rate was required during GLP-1 stimulation. Conclusion/interpretation. Lack of GIP amplification of the late phase insulin response to glucose, which contrasts markedly to the normalising effect of GLP-1, could be a key defect in insulin secretion in Type II diabetic patients. [Diabetologia (2002) 
duced postprandial concentrations of total and intact, biologically active GLP-1 in Type II diabetic patients, which might explain part of the impaired incretin effect in Type II diabetes [4] . Previous studies have indicated that whereas GLP-1 is strongly insulinotropic in patients with Type II diabetes mellitus, the effect of GIP is much weaker or absent [5, 6] ; although, in another study, GIP appeared to retain some activity [7] . The effect of GIP in Type II diabetic patients is an important issue, because a defect in GIP action could contribute to the impaired incretin function. It is difficult to differentiate between a selective impairment of beta-cell responsiveness to GIP and the general beta-cell dysfunction in Type II diabetes. In our study, we investigated more closely the potentiating insulinotropic effects of GIP, using the preserved response to GLP-1 as a measure of the functional beta-cell mass [8] . In this way a defective responsiveness to GIP could be quantitated. The study was divided into two parts. In protocol 1, we compared the "early phase" insulin and C-peptide responses after stimulation with a single bolus injection of either GIP or GLP-1 combined with an acute increase of PG to 15 mmol/l in Type II diabetic patients and healthy subjects. In protocol 2, a continuous infusion of the incretin hormones under the conditions of a hyperglycaemic clamp at 15 mmol/l, was used to provide a prolonged stimulation of the beta cell to estimate both "early" and "late phase" insulin and C-peptide responses.
Subjects and methods
Subjects. For the first protocol we studied eight Type II diabetic patients (six men, two women); mean age: 59 years (48-69 years); BMI: 31.6 kg/m 2 (26.0-37.7 kg/m 2 ); HbA 1C : 8.9% (7.0-11.1%); fasting plasma glucose (FPG): 10.0 mmol/l (8.2-13.2 mmol/l); mean duration of diabetes: 42 months (7-97 months), and eight matched healthy subjects: mean age: 58 years (51-70 years); BMI: 31.9 kg/m 2 (26.4-37.9 kg/m 2 ); FPG: 5.6 mmol/l (5.2-6.4 mmol/l); HbA 1C : 5.6% (5.2-6.0%). Four patients were treated with diet alone while four were treated with diet and oral antidiabetics (biguanides and/or sulfonylureas). Five patients had a history of hypertension and were treated with thiazides, ACE-inhibitors and calcium antagonists.
For the second protocol we studied eight Type II diabetic patients (seven men, one woman); mean age: 55 years (49-59 years); BMI: 29.5 kg/m 2 (27.6-34.4 kg/m 2 ); HbA 1C : 7.4% (5.3-9.8%); FPG: 10.1 mmol/l (7.6-13.7 mmol/l); mean duration of diabetes: 71 months (13-228 months), and six matched healthy subjects (five men, one woman); mean age: 54 years (48-63 years); BMI: 29.6 kg/m 2 (27.1-35.6 kg/m 2 ); FPG: 5.6 mmol/l (5.3-5.9 mmol/l); HbA 1C : 5,6% (5,1-6.3%). Three patients were treated with diet alone while five were treated with diet and oral antidiabetics (biguanides and/or sulfonylureas). One patient had a history of hypertension and was treated with an ACE-inhibitor.
The subjects studied in both protocols were chosen to represent typical outpatient obese Type II diabetic patients and they were all diagnosed according to the criteria of the World Health Organisation (WHO) [9, 10] . None of the patients had impaired renal function (serum creatinine concentrations <130 µmol/l and no albuminuria), proliferative retinopathy or impaired liver function. None of the healthy subjects had a family history of diabetes and all had a normal OGTT. All agreed to participate and gave their oral and written consent. The study was approved by the Copenhagen County Ethics Committee, dated 13 March 1998 (journal number in the Committee: KA 97176m) and the study was conducted according to the principles of the Helsinki Declaration.
Methods. All oral antidiabetics were discontinued before the study (sulfonylureas 3 days before the study, biguanides 7 days before the study). After an overnight fast (from 10:00 pm), the subjects were studied recumbent with two cannulas inserted into the cubital veins, one for injection of either GIP, GLP-1 and/or glucose and one for blood sampling.
In the first protocol in randomised order a combined GLP-1+glucose (day 1) or a combined GIP plus glucose (day 2) stimulation was carried out on two different days. At time zero (0 min), 50% glucose (w/v) was infused during 1 min to increase the plasma glucose to 15 mmol/l (the amount of glucose given was calculated as follows: (15 mmol/l-fasting plasma glucose) × 35 mg glucose × weight in kilogram). After 3 min, 2.5 nmol of GLP-1 or 7.5 nmol of GIP was injected as a bolus injection during 2 min. Venous blood was sampled 15, 10 and 0 min before and 5, 6, 7, 9, 11, 13, 18, 23, 28, 33 and 48 min after the i.v. bolus of glucose.
The second protocol of the study included 4 experimental days. The experiments were carried out in randomised order and consisted of a hyperglycaemic clamp (15 mmol/l) with or without continuous infusion of incretin hormones. At time zero (0 min), 50% glucose (w/v) was infused during 1 min to increase the plasma glucose to 15 mmol/l (calculated as in protocol 1). Plasma glucose was kept at 15 mmol/l by continuous infusion of glucose, which was adjusted every 5 min according to bedside measurements of plasma glucose. After 3 min, a continuous infusion of incretin hormones (pmol/per·kg body weight/min) was initiated: 1 pmol GLP-1 (7-36) amide (day 1), 4 pmol GIP (day 2), 16 pmol GIP (day 3, n=4) or no incretin hormone (day 4, n=5). Blood was sampled 15, 10 and 0 min before and 5, 10, 15, 20, 25, 30, 45, 60, 75, 90, 105, 120, 150, 180, 210 and 240 min after the increase of plasma glucose. We studied three patients for only 120 min. The healthy subjects participated in day 2 and day 4 experiments only and for only 120 min. Hyperglycaemic clamp with GLP-1 infusion was carried out in only one healthy subject, in whom insulin and C-peptide (in brackets) concentrations after 120 min amounted to: 13770 (22380) pmol/l: his total "early phase" insulin AUC (0-20 min) was 11.35 20 min×nmol/l and his total "late phase" insulin response (AUC (20-120 min) ) was 593.12 100 min×nmol/l. As a result of the excessive insulin response in this healthy subject, plasma glucose concentrations decreased below 3 mmol/l for approximately 1 h after termination of the experiment in spite of food ingestion. Due to the dramatic effect of GLP-1 during a hyperglycaemic clamp at 15 mmol/l, we considered it unethical to continue the GLP-1 experiments in the remaining healthy subjects.
Blood was sampled into fluoride tubes for plasma glucose analysis and into heparin-tubes and EDTA tubes (6 mmol/l) with aprotinin (500 KIU/ml blood; Trasylol, Bayer, Leverkusen, Germany) for hormone analyses. Tubes were immediately cooled on ice and centrifuged at 4°C within 20 min. Plasma was stored at minus 20°C until analysis (plasma for insulin and C-peptide analysis were stored at minus 80°C).
Peptides. Synthetic GLP-1(7-36) amide was purchased from Peninsula Europe (Merseyside, UK) and synthetic GIP from PolyPeptide Laboratories (Wolfenbüttel, Germany). The peptides were dissolved in sterilised water containing 2% human serum albumin (Human Albumin, Statens Serum Institute, Denmark, guaranteed to be free of hepatitis-B surface antigen, hepatitis-C virus antibodies and human immunodeficiency virus antibodies) and subjected to sterile filtration. Appropriate amounts of peptide for each experimental subject were dispensed into glass ampoules and stored frozen under sterile conditions until the day of the experiment. The peptides were more than 97% pure and identical to the natural human peptides by HPLC, mass, and sequence analysis.
Analysis. Plasma glucose concentrations were measured during the experiments using a glucose oxidase method and a Glucose Analyser (Yellow Springs Instrument Model: YSI 2300 STAT plus analyser, Ohio, USA). Plasma insulin concentrations were measured using commercial ELISA kits (Dako, Copenhagen, Denmark). The detection limit is approximately 3 pmol/l, and the intra-assay and inter-assay coefficients of variation are 4 to 10% at 39 to 1.240 pmol/l. In protocol 1, C-peptide concentrations were measured by radioimmunoassay (RIA) [11] using the polyclonal antibody M1230 [12] . The detection limit is approximately 60 pmol/l, the intra-assay coefficient of variation is 5%, and the inter-assay coefficient of variation is 7.3%. In protocol 2, C-peptide concentrations were measured by ELISA kits (Dako, Copenhagen, Denmark). Intra-assay and interassay coefficients of variation for C-peptide are 3 to 6% at 380 to 2700 pmol/l. The cross-reactivity with intact and split proinsulin in the C-peptide assay is 63-87%.Total GIP was measured using the C-terminally directed antiserum R65 [13, 14] , which reacts fully with intact GIP and the N-terminally truncated metabolite, GIP . The assay has a detection limit of less than 2 pmol/l and an intra-assay variation of approximately 6%. Intact, biologically active GIP was measured using a newly developed assay [15] . The assay is specific for the intact N-terminus of GIP, and cross-reacts less than 0.1% with GIP (3-42), or with the structurally related peptides GLP-1 (7-36)amide, GLP-1 (9-36)amide, GLP-2 (1-33), GLP-2 (3-33) or glucagon at concentrations of up to 100 nmol/l. Intra-assay variation was less than 6% and inter-assay variation was approximately 8 and 12% for 20 and 80 pmol/l standards, respectively. Plasma samples were assayed for GLP-1 immunoreactivity using RIAs which are specific for each terminus of the GLP-1 molecule: the C-terminal assay measuring the sum of the intact peptide plus the primary metabolite and the N-terminal assay measuring the concentration of intact surviving GLP-1. The C-terminal immunoreactivity of GLP-1 was measured [16] , using standards of synthetic GLP-1 (7-36) amide (= proglucagon 78-107amide) and antiserum no. 89390. The assay cross-reacts less than 0.01% with C-terminally truncated fragments, and 83% with GLP-1 (9-36) amide and has a detection limit below 1 pmol/l. N-terminal immunoreactivity was measured using antiserum 93242 [17] , which cross-reacts approximately 10% with GLP-1 (1-36) amide, and less than 0.1% with GLP-1 (8-36) amide and GLP-1 (9-36) amide. The assay has a detection limit of 2 pmol/l. For both assays intraassay and inter-assay coefficients of variation were below 6% and 15%, respectively, at 40 pmol/l. The glucagon assay is directed against the C-terminus of the glucagon molecule (antibody code no. 4305) and therefore measures glucagon of mainly pancreatic origin. The sensitivity is approximately 1 pmol/l, and the intra-assay coefficient of variation is below 6% in the range between 10 and 25 pmol/l [18] .
Statistical analysis and calculations. All results are shown as the mean ± SEM. Statistical analysis was carried out as two factor analysis of variance for repeated measurements with post hoc analysis contrasting patient results versus healthy subjects using Statistica software (Statsoft, Tulsa, Okla., USA). AUCs were calculated using the trapezoidal rule and compared using the Wilcoxon Test for pair differences.
Results
In the first protocol FPG were between 7.8 and 14.8 mmol/l in the Type II diabetic patients and between 4.9 and 6.1 mmol/l in the healthy subjects. Peak plasma glucose concentrations were similar after glucose administration in both patients and healthy subjects and did not differ on the two different experimental days (Fig. 1A) .
Time courses of insulin and C-peptide responses are shown (Fig. 1B,C) . Peak concentrations of insulin and C-peptide occurred between 9 and 13 min after Table 1 ). Peak insulin and C-peptide concentrations were less in the Type II diabetic patients compared to the healthy subjects after GLP-1 and GIP injections, respectively ( Table 1) . Comparison of individual peak insulin and C-peptide concentrations showed smaller responses in both patients and healthy subjects after GIP stimulation compared to GLP-1 stimulation (insulin: patients 59±9% and healthy subjects 62±5%; C-peptide: 74±6% and 71±9%, respectively).
Basal plasma GLP-1 (day 1, Fig. 2A ) and GIP (day 2, Fig. 2B ) concentrations were between 1 and 30 pmol/l (both C-terminal and N-terminal). Peak plasma concentrations (means ± SEM) in Type II diabetic patients and healthy subjects were similar with respect to total GIP [920±91 vs 775±68 pmol/l (NS)], intact GIP [442±25 vs 424±30 pmol/l(NS)] and intact GLP-1 [162±25 vs 140±32 pmol/l(NS)]. Total peak GLP-1 concentrations were slightly higher in Type II diabetic patients (401±32 pmol/l) compared to healthy subjects (317±36 pmol/l) (p=0.049). Basal concentrations of both incretin hormones (total as well as intact) were reached again 15 to 25 min after i.v. injection.
In the second protocol mean FPG was between 10.0 and 10.6 (range 7.5-14.9) mmol/l on the four different experimental days (NS) in the Type II diabetic patients. In the healthy subjects, mean FPG was 5.6 mmol/l (range 4.7-6.2, day 2) and 5.7 mmol/l (range 5.1-6.1, day 4). Time courses of plasma glucose during the hyperglycaemic clamps were not significantly different on the experimental days (Fig. 3) .
Time courses of insulin and C-peptide responses are shown in Fig. 4 and peak concentrations together with AUCs are shown in Table 2 . Total as well as incremental "early phase" insulin and C-peptide AUCs (0-20 min) in Type II diabetic patients were considerably impaired and delayed compared to control subjects, but were not significantly different on the three different experimental days with GLP-1, low or high dose GIP stimulation although the response tended to be decreased after low GIP compared to figure (A, B) show insulin responses during the first 20 min. Data are means ± SEM high GIP and GLP-1 stimulation (Fig. 4) . Comparison of "early phase" insulin and C-peptide incremental AUCs (0-20 min) showed greater responses after GLP-1, low and high GIP compared to glucose alone (n=5, two factor analysis of variance, insulin: p=0.013, C-peptide=0.039). "Late phase" insulin and C-peptide responses (AUC (20-120 min) ) were higher after GLP-1 stimulation compared to low dose GIP (4 pmol/per·kg body weight/min) in Type II diabetic patients (p<0.01).
As insulin secretion was still rising after 2 h, a 4 h clamp was carried out in five of the Type II diabetic patients. "Late phase", total insulin and C-peptide AUCs (20- (Fig. 4, Table 2 ). During GLP-1 stimulation, total and intact GLP-1 plasma concentrations increased rapidly during the first 20 min and peak concentrations for total and intact GLP-1 were reached between 105 and 120 min and amounted to 126±5 pmol/l and 13±3 pmol/l, respectively (Fig. 5A) . During low dose GIP (4 pmol·kg -1 ·min -1 ), total and intact (in brackets) GIP peak concentrations were reached between 105 and the Type II diabetic patients and 452±24 (250±5) pmol/l in the healthy subjects. Corresponding results were 2222±168 (1246±237) pmol/l during high dose GIP (a concentration exceeding normal postprandial concentrations by a factor 10-20) (Fig. 5B) .
Glucagon responses during protocol 2 are shown in Fig. 5C . During the hyperglycaemic clamp without concomitant infusion of incretin hormone, glucagon responses were considerably decreased in the healthy subjects [10.0±0.7 pmol/l (fasting) vs 2.7±0.3 pmol/l after 120 min], whereas only a small decrease was seen in the Type II diabetic patients [8.4±1.4 pmol/l (fasting) vs 5.8±1.3 pmol/l after 120 min]. No further decrease in glucagon response was seen in the healthy subjects with GIP stimulation. GLP-1 stimulation in Type II diabetic patients resulted in a marked decrease in glucagon secretion [9.5±0.8 pmol/l (fasting) vs 2.9±0.6 pmol/l after 120 min], reaching concentrations equal to the responses seen in healthy subjects. During the hyperglycaemic clamps with concomitant infusion of GIP in Type II diabetic patients, there was a tendency to a small increase in glucagon secretion in the first part of the study followed by a minor decrease in the late response.
The amounts of glucose infused during the first hour of the hyperglycaemic clamps (means ± SEM) in the Type II diabetic patients were; GLP-1: 25.6±2.8 g; low GIP: 17.3±2.0 g; high GIP 14.5±3.0 g and no incretin hormone: 19.3±3.2 g (Fig. 6) . Corresponding results, representing the amount of glucose infused during the second hour of the hyperglycaemic clamps, were 36.9±5.1 g, 15.7±2.0 g, 13.9±2.5 g and 15.1± 2.9 g of glucose, respectively. The amount of glucose infused during both the first and second hour of the hyperglycaemic clamp was higher during GLP-1 stimulation compared to GIP stimulation (first hour; p<0.02, second hour p<0.01).
Discussion
The design of our investigation was inspired by previous studies which indicated that it is possible to use GLP-1 as a tool for evaluating the maximal beta-cell insulin responses and C-peptide responses in Type II diabetic patients [8] . Stimulating the beta cell with 2.5 nmol of GLP-1 combined with increases of plasma glucose concentration to 15 mmol/l provides a strong insulinotropic stimulus, close to the maximal secretory effect obtained with arginine during a 30 mmol/l hyperglycaemic clamp [8] . By comparing the insulin and C-peptide responses to GIP with the maximal responses to GLP-1, it should be possible to gauge the beta-cell responsiveness to GIP in diabetic patients independent of their impaired secretory capacity. It is often assumed that GLP-1 is more potent than GIP [19] , but by infusing GIP at three times the rate of GLP-1, we sought to compensate for any difference in potency. In spite of this it was impossible to obtain 1116 T. Vilsbøll et al.: Defective amplification of the late phase insulin response to glucose similar responses with the two hormones, either in Type II diabetic patients or in healthy subjects. The peak insulin responses to GIP injection averaged only 62% of the response to GLP-1 in the healthy subjects versus 59% in the Type II diabetic patients (NS). Thus, in our study the Type II diabetic patients were characterised by a decreased "early phase" response to both stimuli, but their relative responses to GIP and GLP-1 stimulation were exactly the same as in the healthy subjects.
The hyperglycaemic clamp experiments showed that GIP greatly augmented both "early phase" (0-20 min) and "late phase" (20-120 min) insulin secretion in the healthy subjects. In the Type II diabetic patients, the "early phase" insulin response was grossly reduced and delayed, both in response to glucose alone or to glucose plus incretin hormones but, in agreement with findings in part one, both GIP and GLP-1 augmented the "early phase" response to values similar to those observed in protocol 1 (and also similar to those observed in response to ingestion of a mixed meal [4] ). The GLP-1 induced enhancement of insulin secretion persisted throughout the experiment, so that the late response was indistinguishable from the response to glucose alone in the normal subjects. In contrast, there was very little effect of GIP in the "late phase", regardless of the infusion rate. Correspondingly, during the GLP-1 stimulation, greatly increasing amounts of glucose were needed to maintain the clamp, whereas during GIP infusion, there was no difference between the amount of glucose infused during GIP plus glucose compared to glucose alone.
The glucagon responses show that the glucose-mediated inhibition of glucagon secretion was impaired in the patients as expected [20] . In the healthy subjects, addition of GIP did not inhibit glucagon secretion further, and in the patients there was even a tendency towards higher glucagon concentrations with GIP compared to glucose alone. In contrast, with GLP-1, glucagon secretion was strongly inhibited in patients at the end of the clamp. These remarkable results show that GLP-1 is capable of conveying normal responsiveness to glucose to both the α-cells and beta cells of the pancreatic islets in patients with Type II diabetes.
The differential responsiveness to GIP and GLP-1 is surprising, because their beta-cell signal transduction mechanisms involve many common steps, except for transmission via closely related, but highly specific receptors for each hormone [21, 22, 23] . Several studies have shown that intracellular actions of the two hormones are similar: they generate identical changes of membrane potential, intracellular calcium responses, membrane currents, and cAMP responses [24, 25, 26] . Furthermore, the insulinotropic effects of both peptides are similarly potentiated by sulfonylurea treatment and similarly augmented in the genetically obese (fa/fa) Zucker rat [27, 28] . We previously hypothesised, that the lack of a functional receptor was the cause of the impaired response to GIP in Type II diabetic patients [29] . It was, therefore, concluded that the two receptors are likely to activate the same intracellular machinery [30] . Molecular genetic studies have shown sequence variations in the human GIP receptor [31, 32] , but no clinically significant mutations. Our investigation shows that it is unlikely that the GIP receptors are not expressed on the pancreatic beta cell of the patients, since the early, relative response to GIP compared to GLP-1 was the same as in healthy subjects. What, then is the mechanism of the almost abolished beta cell "late-phase"-responses to GIP in the Type II diabetic patients? To investigate whether a decreased sensitivity of the GIP receptor was part of the explanation, the study included an experimental day where a very high dose of GIP (16 pmol/kg body weight/min) was given. Thus, in spite of pharmacological concentrations of GIP (values were much higher than those observed after meal ingestion), which should compensate not only for the difference in potency of the two hormones but also for a decreased affinity of GIP for its receptor in Type II diabetes mellitus, it was still impossible to generate a significant "late-phase" response in the Type II diabetic patients. Furthermore, the results obtained during the 4-h clamp were qualitatively similar to those obtained with the 2-h clamp, indicating that a delayed response to GIP in the patients could not explain the difference in the 2-h clamp experiments. In the 2-h clamp experiments, insulin secretion in response to GLP-1 stimulation was still increasing, making it impossible to evaluate the full effect of GLP-1, but in the 4-h clamp experiments, a plateau was eventually reached after 150 min.
Recent studies have shown a reduced insulinotropic effectiveness of GIP in 50% of glucose tolerant first-degree relatives of Type II diabetic patients in comparison to healthy subjects and it was hypothesised that a new phenotypic abnormality in such subjects could be genetically determined [33] . The most reasonable explanation of the missing "late phase" response to GIP in Type II diabetic patients is, therefore, a GIP postreceptor defect of the intracellular machinery, which could be genetically determined.
In conclusion, we have shown that in Type II diabetic patients, the "early phase" insulin response to glucose is impaired, but enhanced by both GLP-1 and GIP; in contrast, GIP stimulation is unable to improve the "late phase" insulin secretion in Type II diabetic patients whereas GLP-1 could actually normalise this. This defective response to GIP could contribute to the pathogenesis of Type II diabetes mellitus and we hypothesise that it is due to some kind of genetic defect, perhaps in the intracellular actions of GIP.
